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The  peak  current  density  of  InAs/AlSb/GaSb/AlSb/InAs  resonant  interband  tunneling  diodes  has 
been  enhanced  by  replacing  the  AlSb  barriers  with  Alj  _xGa,Sb  that  has  a  narrower  band  gap.  The 
devices  were  grown  by  molecular  beam  epitaxy  and  tested  at  room  temperature.  Diodes  with 
nominally  identical  7-ML-thick  ternary  alloy  barriers  with  x  =  0.35  are  found  to  have  peak  current 
densities  three  times  larger  than  those  with  AlSb  barriers.  The  peak-to-valley  current  ratio  decreases 
by  only  one  third  from  18  for  the  AlSb  diodes  to  12  for  diodes  with  the  ternary  alloy  barriers. 
[DOI:  10.1063/1.1365940] 


Resonant  interband  tunneling  diodes  (RlTDs)  in  the 
InAs/AlSb/GaSb  materials  system1  are  of  interest  for  appli¬ 
cations  in  highly  functional,  low  power  logic  circuits  capable 
of  operating  at  frequencies  approaching  100  GHz. 2-4  Be¬ 
cause  the  negative  resistance  peak  occurs  near  100  meV  in 
this  material  system,  it  may  be  possible  to  produce  logic 
circuits  with  lower  power  consumption  than  those  made  with 
other  material  systems.2  High  speed  applications  require  di¬ 
odes  with  a  peak  current  density,  I p ,  in  the  range  of 
105  A/cm2  and  a  large  peak-to-valley  current  ratio  (P/V)  to 
minimize  power  dissipation.  This  communication  reports  on 
an  experimental  test  of  the  use  of  A 1  ( _xGavSb  alloy  barriers, 
which  enhance  the  peak  current  densities  of  RITDs.  The  as¬ 
sociated  changes  in  the  valley  current  are  also  discussed,  as  a 
large  increase  in  the  peak  current  is  of  little  use  if  it  is  ac¬ 
companied  by  a  large  increase  in  the  valley  current. 

The  inset  in  Fig.  1(a)  illustrates  the  material  and  band 
structure  of  a  R1TD.  Starting  at  the  right  and  left  sides  of  the 
diagram  are  the  narrow  band  gap  InAs  electrodes.  Inside 
these  layers  are  wide  band  gap  AlSb  tunnel  barriers,  and 
finally  inside  the  barriers  is  a  GaSb  well.  An  electron  in  the 
conduction  band  (CB)  of  an  InAs  electrode  tunnels  through 
the  band  gap  of  an  AlSb  barrier  into  the  valence  band  (VB) 
of  the  GaSb  well,  through  the  second  AlSb  barrier  into  the 
CB  of  the  other  InAs  electrode.  This  band  structure  results  in 
high  peak  current  densities,  and  large  peak-to-valley  current 
ratios  at  biases  near  100  meV  at  room  temperature. 

The  tunneling  barrier  thickness  and  barrier  height  are 
key  parameters  in  determining  Ip  in  tunnel  diodes,  and  for 
RITDs  with  3  ML  AlSb  barriers  Ip  is  near  4  X  104  A/cm2. 
The  factors  determining  the  P/V  ratio  are  not  as  well  under¬ 
stood,  but  P/V --  8  is  typical  for  RITDs  with  3  ML  AlSb 
barriers.5  1(1  Higher  current  densities  are  expected  with  thin¬ 
ner  barriers  as  Ip  increases  exponentially  with  decreasing 
barrier  thickness.  Simply  decreasing  the  barrier  thickness  be¬ 
comes  problematic  in  terms  of  reproducibility  from  growth 
to  growth  and  across  a  wafer  in  one  growth  as  the  barrier 
thickness  approaches  3  ML  or  less.  An  alternate  and  as  yet 
not  experimentally  explored  approach  to  increasing  Ip  is  to 
reduce  the  barrier  height  by  using  Al[_tGatSb  alloy  barriers 
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that  have  a  narrower  band  gap  than  AlSb.  This  approach 
offers  the  possibility  of  obtaining  high  current  densities  with 
thicker  barriers  that  are  easier  to  grow  with  a  high  degree  of 
reproducibility. 

Lapushkin,  Zakharova,  and  Gergel,  in  a  theoretical  ar¬ 
ticle  on  interband  tunneling,  predicted  that  improvements  in 
Ip  could  be  obtained  by  using  Al  ,  _AGaxSb  alloys  rather  than 
AlSb  for  the  barriers.11  The  theory  predicts  that  a  diode  with 
25-A-thick  alloy  barriers  with  x  =  0.4  and  a  65  A  well  will 
have  /  =  2X104A/cm2  and  P/V=20  at  room  temperature. 
The  theory  also  predicts  Ip  =  2X103  A/cm2  and  P/V  =  9  for 
the  same  geometry  with  AlSb  barriers.  These  numbers  sug¬ 
gest  that  a  factor  of  20  increase  in  I p  and  a  doubling  of  the 
P/V  ratio  may  be  obtained  by  using  alloy  barriers.  The  pre¬ 
dictions  listed  above  for  a  diode  with  AlSb  barriers  compare 
well  with  values  of  Ip  =  1.3  X  103  A/cm2  and  P/V=  18  mea¬ 
sured  by  us  for  a  device  with  8  ML  (24  A)  AlSb  barriers,  and 
a  27  ML  (81  A)  GaSb  well.  Alloy  barriers  also  offer  a  tool 
for  checking  the  validity  of  this  and  other  tunneling 
models. 11-16  By  varying  the  Ga  content  in  the  barrier  it  is 
possible  to  move  both  the  conduction  and  valence  band 
edges  in  the  barrier  relative  to  the  band  edges  of  the  InAs 
electrodes  and  GaSb  well. 

The  use  of  A^  vGaASb  has  an  additional  advantage  over 
AlSb,  as  it  is  more  closely  lattice  matched  to  the  GaSb  and 
InAs  used  in  the  diodes.  This  could  have  a  positive  effect  on 
the  P/V  ratio  by  reducing  the  number  of  strain-induced  de¬ 
fects  that  are  likely  to  increase  the  valley  current.8'10 

Some  preliminary  work  exploring  the  use  of  Al  , _AIn;tSb 
barriers  is  also  presented.  Al  ,  xInxSb  alloy  barriers  also 
have  a  narrower  band  gap  than  AlSb,  and  their  use  is  ex¬ 
pected  to  increase  I p ,  but  the  experiments  need  to  be  done  to 
determine  the  amount  of  improvement.  Alj_tIntSb  barriers 
will  have  a  larger  lattice  mismatch  than  AlSb  barriers  with 
the  other  components  of  the  diodes,  and  the  additional  strain 
is  expected  to  make  it  more  difficult  to  grow  barriers  free  of 
defects  that  add  to  the  valley  current. 

The  diodes  examined  here  were  grown  by  molecular 
beam  epitaxy  on  InAs  substrates.  A  buffer  layer  consisting  of 
1  /jm  of  n+  InAs  (3X1018  Si  cm~3)  was  grown  first.  The 
RITD  structure,  as  illustrated  by  the  inset  in  Fig.  1(a),  con¬ 
sists  of  a  pair  of  nominally  identical  Al ,  _AGarSb  barriers 
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FIG.  1.  (a)  Dependence  of  the  peak  current  density  on  the  Ga  fraction  for 
samples  with  nominally  identical  7-ML-thick  _xGaxSb  barriers,  (b)  P/V 
ratio  for  the  samples.  The  inset  in  (a)  indicates  the  conduction  band,  CB, 
valence  band,  VB,  and  Fermi  energy,  EF,  of  an  interband  tunnel  diode. 


FIG.  2.  (a)  Dependence  of  the  peak  current  density  on  the  Ga  fraction  for 
samples  with  nominally  identical  10-ML-thick  Al^^Ga^Sb  barriers,  (b)  P/V 
ratio  for  the  samples.  The  lines  are  guides  to  the  eye. 


sandwiching  a  27  ML  GaSb  well.  The  InAs  40  ML  (12  nm) 
layers  adjacent  to  both  AlSb  barriers  were  undoped,  and  the 
next  30  nm  InAs  layers  away  from  the  barriers  were  doped 
with  1  X  1017  Si  cm~3.  Finally,  a  200  nm  layer  of  3  X  1018  Si 
cm~3  InAs  was  grown  on  top  of  the  RITD.  Growth  proce¬ 
dures  were  used  to  form  InSb  interface  bonds  at  the  InAs/ 
AlSb  interfaces.  Reflection  high-energy  electron  diffraction 
(RHEED)  measurements  were  used  to  calibrate  growth  rates 
in  order  to  determine  the  thicknesses  of  the  RITD  layers. 
Sample  temperatures  during  growth  were  400  °C.  The  tem¬ 
perature  was  monitored  by  a  thermocouple,  calibrated  by  ob¬ 
serving  the  InAs  (2X4)— >(4X2)  transition  in  RHEED.  The 
temperature  of  the  Ga  and  A1  sources  were  set  to  have  a 
barrier  growth  rate  of  0.5  ML/s.  As  only  one  Ga  source  was 
used,  this  set  the  growth  rate  for  the  GaSb  well,  but  this  is 
not  expected  to  have  a  significant  impact.  Standard  photoli¬ 
thography  techniques  were  used  to  pattern  Ti/Pt/Au  ohmic 
contacts  with  diameters  ranging  from  2  to  50  /rm.  Mesas 
were  formed  by  using  the  ohmic  contacts  as  the  etch  stop  in 
a  wet  etching  process.  Current- voltage  ( I—V )  measurements 
were  made  at  room  temperature  by  tensioning  a  fine  gold 
wire  point  contact  against  the  ohmic  contact.  In  the  data 
plots,  “positive  bias”  means  the  top  of  the  mesa  is  biased 
positively  with  respect  to  the  substrate.  The  data  represent 
average  values  for  several  mesas  measured  on  a  chip. 

The  current  densities  and  P/V  ratios  for  a  series  of 
samples  with  nominally  identical  top  and  bottom  barriers 
either  7  or  10  ML  thick  are  shown  in  Figs.  1  and  2,  respec¬ 
tively.  Data  for  both  bias  polarities  are  presented,  as  the  dif¬ 
ferences  are  useful  in  evaluating  the  growth  procedures  that 
may  result  in  barrier  roughness17  and  Ga  segregation17  phe¬ 
nomena.  In  both  figures  the  peak  current  density  increases  by 
almost  a  factor  of  3  with  increasing  x,  although  the  threefold 
increase  occurs  at  a  smaller  Ga  concentration  for  the  10  ML 
sample  compared  to  the  7  ML  one.  The  current  has  a  thresh¬ 
old  near  x«*0. 1  where  it  begins  to  increase  for  the  7  ML 


data,  while  no  threshold  is  found  for  the  10  ML  data.  The 
peak  currents  are  slightly  asymmetric  with  the  negative  bias 
peak  currents  being  larger  than  the  positive  bias  except  for 
the  7  ML  data  at  x  =  0.35  where  the  asymmetry  in  the  peak 
currents  changes  with  the  positive  bias  current  becoming 
larger  than  the  negative  bias  current.  These  asymmetries  in¬ 
dicate  a  higher  tunneling  probability  for  one  barrier  com¬ 
pared  to  the  other  due  to  differences  in  the  growth  even 
though  an  effort  was  made  to  make  them  identical. 

The  peak-to-valley  current  ratios  for  the  7  and  10  ML 
samples  exhibit  different  behavior  as  the  Ga  fraction  in  the 
barrier  increases.  P/V  increases  with  increasing  x  for  the  10 
ML  samples,  while  it  is  constant  for  the  7  ML  samples  for 
x^0. 1  and  decreases  for  larger  values  of  x.  The  most  signifi¬ 
cant  difference  occurs  in  the  7  ML  P/V  data  for  x^  0.1  where 
P/V~=  20  for  negative  bias  and  16  for  positive.  Near  x~-0. 1 
the  P/V  ratio  converges  and  decreases  linearly  reaching 
about  12  at  x  =  0.35  with  the  negative  bias  ratio  being  the 
larger  one.  It  is  important  to  note  that  while  the  peak  current 
density  increases  by  almost  a  factor  of  3,  the  P/V  ratio  only 
decreases  by  about  one  third  to  12  for  the  7  ML  samples. 
This  is  still  a  reasonably  large  value.  It  is  not  understood 
why  P/V  increased  for  the  10  ML  data  but  decreased  for  the 
7  ML  data.  As  noted  above,  for  a  diode  similar  to  the  7  ML 
one  reported  here,  the  model  by  Lapushkin  and  co-workers 
predicts  twofold  improvement  in  P/V  on  going  from  x  =  0  to 
x  =  0.4. 1 1  The  thickness  dependence  of  the  P/V  ratio  for  di¬ 
odes  with  AlSb  barriers  has  a  maximum  near  7  ML  suggest¬ 
ing  that  the  mechanism  that  dominates  the  valley  current  for 
thick  barriers  is  different  from  the  one  that  dominates  for 
thin  barriers.8 

Some  results  for  Al ,  ^In^Sb  barrier  devices  are  shown 
in  Fig.  3.  The  asymmetry  in  the  /-V  reflects  the  fact  that  the 
bottom  barrier  in  this  device  is  7  ML  of  AlSb  and  the  top  one 
is  7  ML  of  Al0  8In0  2Sb.  The  In  alloy  was  only  used  for  the 
top  barrier  as  the  InSb  lattice  constant  is  larger  than  the  InAs 
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FIG.  3.  Comparison  of  the  I-V  for  three  samples  with  similar  7  ML  AlSb 
bottom  barriers,  and  with  top  barriers  of  either  AlSb  (solid  line)  or 
Alo  gIno  2Sb  (long  dashed  line)  or  Al0  7Ga0  3Sb  (short  dashed  line). 


lattice  constant  and  using  the  alloy  in  the  lower  barrier  may 
have  introduced  undesirable  strain  effects  resulting  in  defects 
in  the  R1TD  layers.  To  judge  the  effect  of  the  Al08In02Sb,  a 
sample  with  nominally  identical  7  ML  AlSb  barriers  and  one 
with  a  7  ML  AlSb  bottom  barrier  and  a  7  ML  Al0  7Ga0  3Sb 
top  barrier  are  also  shown  in  Fig.  3.  Table  I  contains  a  com¬ 
parison  of  the  peak  current  densities  and  P/V  ratios  for  the 
three  samples.  The  most  significant  increase  in  current  for 
both  alloy  barriers  is  found  for  negative  bias  with  I p  for  the 
Al0  8In0  2Sb  diode  almost  as  large  as  that  found  for  the  30% 
Ga  one.  The  positive  bias  peak  current  for  the  In  alloy  barrier 
is  somewhat  larger  than  the  current  for  the  AlSb  control 
sample.  This  is  different  from  behavior  found  for  the  Ga 
alloy  barrier,  which  has  nearly  the  same  peak  current  as  the 
AlSb  barrier  device.  The  negative  bias  P/V  ratio  for  the  In 
alloy  barrier  is  comparable  to  that  for  the  Ga  alloy  barrier  but 
somewhat  lower  than  that  for  the  AlSb  diode.  These  results 
suggest  that  A I ,  JnvSb  barriers  may  also  offer  a  means  of 


TABLE  I.  Peak  current  densities,  Ip ,  and  P/V  ratios  for  negative,  — ,  and 
positive,  +,  bias  for  samples  shown  in  Fig.  3. 


Top  barrier 

P/V_ 

Ip-  (kA/cm2) 

P/V+ 

Ip+  (kA/cm2) 

AlSb 

17.9 

2 

13.5 

1.5 

Alo.sEkuSb 

15.6 

3.4 

12.7 

1.9 

Alo.7Ga03Sb 

15.6 

3.9 

15 

1.4 

achieving  higher  peak  current  densities  with  acceptable  val¬ 
ley  currents. 

In  summary,  Al,  _  tGavSb  has  been  used  to  replace  wider 
band  gap  AlSb  barriers  in  InAs/GaSb/AlSb  interband  tunnel¬ 
ing  diodes.  The  use  of  these  narrow  band  gap  alloys  has 
resulted  in  a  threefold  increase  in  the  peak  current  density 
compared  to  diodes  with  AlSb  barriers.  The  threefold  current 
improvement  is  obtained  at  x  =  0.35  for  diodes  with  7  ML 
alloy  barriers  and  at  the  smaller  value  of  x  =  0.2  for  diodes 
with  10  ML  barriers.  The  P/V  ratio  for  the  7  ML  alloy  de¬ 
vices  decreased  to  12,  which  is  still  a  reasonable  value  for 
possible  applications.  Interestingly,  the  P/V  increased  with 
increasing  Ga  concentration  in  the  10  ML  diodes.  Prelimi¬ 
nary  results  have  demonstrated  the  possibility  of  using 
Alj^.hij.Sb  barriers. 
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